ABSTRACT. The analysis of both paleo-and archeomagnetic data and magnetic properties of continental and marine sediments has shown that around 2700 BP, the geomagnetic Sterno-Etrussia excursion took place in 15 regions of the Northern Hemisphere. The study of magnetic properties of sediments of the Barents, Baltic, and White Seas demonstrates that the duration of this excursion was not more than 200-300 yr.
INTRODUCTION
High-resolution paleoclimatic records provide important information about climate change during the Holocene. Recent paleoclimatic studies have shown that significant natural climate variations occurred on centennial and millennial timescales (e.g. Dansgaard et al. 1993; Magny 1995 Magny , 2004 Bond et al. 1997; van Geel et al. 1999; Mann 2000; Johnsen et al. 2001; Esper et al. 2002) . The climate can be affected by various types of external forcings which have different spatial and temporal scales of propagation in the climatic system. There is increasing evidence that many of the centennial and millennial climate changes are caused by solar forcing. The best-known example of a solar-climate effect is the cold period between AD 1645 and 1715, which coincides with the Maunder Minimum of solar activity (Eddy 1976 ).
Several extensive cold intervals occurred during the period between about AD 1450 and 1890 which is known as the Little Ice Age (LIA). Cold events during the LIA coincided with periods of relatively low solar activity. Human communities have always been sensitive to extremes of weather, and there is a great deal of information on weather conditions during the LIA in archived documents, particularly in England and western Europe, extending back to the early Middle Ages, as well as many centuries of records from China, India, and the Near East (Lamb 1995) . Many paleoclimatic proxies confirmed that the LIA was a global phenomenon. During the Holocene, there were several similar periods of prolonged cold climatic conditions related to low solar activity (e.g. Dergachev and Chistyakov 1995) .
Stratigraphical, paleobotanical, and archaeological evidence points to a change from a dry and warm to a more humid and cool climate in central and northwestern Europe at the boundary from Suboreal to Subatlantic, between 2800-2500 BP (e.g. van Geel et al. 1996) . Van Geel et al. (1996 , 1998a ) also argue that the climatic change affected settlement and land-use activities of European societies. New high-resolution Holocene climatic records provide a more detailed interpretation of cultural shifts in the past. In a recent study, Tinner et al. (2003) compared paleobotanical human impact indicators with independent high-resolution paleoclimatic proxies (oxygen isotopes in ice cores from Greenland and dendroclimatological data) in order to show evidence of the response of prehistoric and historic European cultures to climatic change. The authors suggested that gaps of the archaeological record during 800-650 and 400-100 BC in western and central Europe may indicate climate-driven land-abandonment phases.
There are quite a number of papers describing and interpreting the earth's natural climatic processes on long and short timescales. However, the processes influencing natural climatic change are difficult to understand and to predict. As the Sun is the only effective source of heat reaching Earth, the primary factors causing both short-and long-term climatic changes on the earth's surface are the result of the physical nature of the Sun, and Earth's spatial relationship to the Sun on long-term intervals. As shown in some studies, plausible reasons for changing atmospheric circulation patterns can be changes in the solar activity (e.g. van Geel et al. 1999) or changes in the thermohaline circulation in oceans (e.g. Bond et al. 1997) . Bond et al. (2001) suggest a close link between changes in solar activity and past climatic changes over the North Atlantic and Europe. Magny (1993a Magny ( , 2004 and van Geel et al. (1996 van Geel et al. ( , 1998a argue that Holocene climatic changes affected settlement and landuse activities of prehistoric European societies.
Nevertheless, solar variability remains controversial as a source of climate change, since no causal physical mechanism linking changing solar activity and climate change has been established. From among the assumed factors and mechanisms, the variation of solar irradiance is the most obvious, but there is no direct evidence that the irradiance of the Sun is varying significantly on long timescales. The recent observation of correlations between the galactic cosmic ray intensity and the surface of the earth covered by low clouds (Svensmark and Friis-Christensen 1997) may provide an important clue. Their results demonstrate the high positive correlation of the galactic cosmic ray intensity and cloudiness during long-term cosmic ray modulation in the 11-yr solar activity cycle. An increase of the cosmic ray intensity may lead to an increase in global cloud cover after ionization in the atmosphere by cosmic rays, resulting in an increased aerosol formation and cloud nucleation. Thus, an increase in the global cloud cover may be caused by cooling of the earth during periods of low solar activity.
Since the galactic cosmic ray intensity is modulated by the solar wind, a galactic cosmic ray cloud link could provide a sufficiently amplifying mechanism for solar-climate variability. This would constitute an extra contribution to climate change, in addition to the direct contribution from irradiance changes. Along with solar modulation of the galactic cosmic ray intensity, fluctuations in the geomagnetic field strength are also a cause for variations of the galactic cosmic ray intensity. Earth's magnetic field undergoes a steady-state change and non-periodical short events due to reversals or excursions. The galactic cosmic ray intensity, and subsequently, the cosmogenic production rate in the earth's atmosphere, are increased when the geomagnetic field is less intense. There are a few reports about excursions recorded in lake deposits and marine sediments. The youngest excursion was recorded by Ransom (1973) and has been called the Sterno event (Noel and Tarling 1975) or Sterno-Etrussia event in Russian papers. In the Baltic Sea sediments, Kochegura (1992) observed large variations of the direction of the geomagnetic dipole around 2800 BP. Based on archeomagnetic data from Georgia (Caucasus), Burlatskaya and Chelidze (1990) found that the strength of the geomagnetic field was reduced by 2 to 2.5 times around 2800 BP. A reduction of the geomagnetic dipole moment would lead to a sharp increase of cosmic ray penetration into the middle and low latitude atmosphere, which would strongly increase the production of cosmogenic isotopes on a global scale. Ultimately, the increase of cosmic rays during the excursion could lead to increased cloud cover and precipitation. Dergachev et al. (2000) and Raspopov et al. (2000) showed that the examination of the combination of external factors (solar activity, cosmic ray enhancement, and fast changes of the geomagnetic field) may contribute to a better understanding of the climate and solar activity as the possible cause of major climatic changes, as well as of breaks in the development of material culture in the past.
The main aims of this study are the following: 1) to present new evidence for the climatic cooling event around 2700 BP, 2) to demonstrate the spatial extension of the Sterno-Etrussia excursion, and 3) to discuss the possible causal connection between galactic cosmic ray intensity and climate.
A Quasi-Cyclical Occurrence of Changing Solar Activity, Cosmic Ray Intensity, and Climate
On the basis of radiocarbon chronologies of mountain glaciers in North America and Europe, Denton and Karlen (1973) established a synchronous and regular millennial-scale pattern of climate variation during the Holocene. Even after 30 yr, the evidence for this long-term regular climate change has not been widely accepted. Based on measurements of soluble impurities in Greenland ice, O'Brien et al. (1995) demonstrated that the Holocene atmospheric circulation above the ice cap was punctuated by a series of millennial-scale cooling events. They established that these increases in soluble impurities probably occurred at times of lowered atmospheric temperatures. The most prominent shifts appeared to correspond with periods of glacial advances (Denton and Karlen 1973) . Bond et al. (1997) carried out detailed investigations of deep-sea sediments (ice-rafted debris: IRD) in the North Atlantic, and established that the North Atlantic's Holocene climate must have undergone a series of abrupt reorganizations, each one with sufficient impact to force concurrent increases in debris-bearing drift ice. Bond et al. showed that cool, ice-bearing waters from the North Atlantic advanced abruptly, synchronous with changes in the atmospheric circulation as recorded in Greenland ice. The IRD events exhibit a quasi-cyclic occurrence with a millennial-scale periodicity through the Holocene. The youngest peaks occurred during the Little Ice Age (LIA) period and about 2800 yr ago. The LIA mode appears to have been the most recent cold phase in the series of millennial-scale cycles. The rafting icebergs are triggered simultaneously from many glaciers, so the driving mechanism must be a common climate forcing mechanism. It points to a trigger that caused air temperatures to drop and induce the release of ice over a large region. For the North Atlantic, the IRD data showed that there has been much more climate change during the Holocene than previously thought. Until recently, the origin of the millennial climate cycle was unknown. Orbital periodicities around the Sun are too long to cause millennial-scale climate cycles. Recent studies (e.g. by Vasiliev et al. [1997] and Vasiliev and Dergachev [2002] ) showed that the large maxima of 2300-2400-yr periodicity in atmospheric 14 C concentrations may be caused by long-term decreases in solar activity and may be related to cooling climatic periods with Alpine glacier expansions (Denton and Karlen 1973; Rothlisberger 1986 ) and sharp changes of the Caspian Sea level (Karpychev 1994) . The abrupt climate change around 2700 BP is a major event in this series of cool intervals. Bond et al. (2001) have shown that solar variability is highly correlated with the ice-rafted debris events during the Holocene. As shown in Figure 1a and b, there is good correlation with the galactic cosmic ray intensity ( 14 C record in tree rings). The correlation includes the LIA, the most recent event, and the abrupt climate change around 2700 BP. This rather convincing evidence suggests that solar forcing has caused the long-term climatic cycle during the Holocene. The most pronounced maxima of glacier advance (Maisch et al. 1999) were synchronous with high amplitudes of long-term variations of 14 C rate production ( Figure 1c ). Magny (1999, 2004) has reconstructed the history of lake levels in the French Jura Mountains. Holocene lake-level fluctuations correlate well (Figure 1d ) with the changing galactic cosmic ray intensity ( 14 C record). This implies that the Jura lake levels also correlate with the periods of increased ice-rafted debris in the North Atlantic . Figure 1 Comparison of (a) cosmic ray variability (Q is smoothed 14 C production rate from 14 C record of Stuiver et al. 1993) ; (b) combined ice-rafted debris in the North Atlantic (Bond et al. 2001) ; (c) estimated length variation of Swiss glaciers (Maisch et al. 1999) ; cold intervals are indicated by the shaded areas; (d) lake-level fluctuations in the French Jura Mountains (Magny 1999) . The arrows show the extrema of the long-term changes of processes considered.
Manifestation of the Sterno-Etrussia Excursion
Information about the youngest geomagnetic excursion was given by Ransom (1973) , who mentioned the investigations by G Folgheraiter carried out in AD 1896 and 1899. While performing archeomagnetic studies of Attic and Etruscan vases in Greece and Italy (i.e. at latitudes between ~35 and 45°N and 10 to 25°E), Folgheraiter discovered that the geomagnetic field had the inverse sign during the 8th century BC. The paleomagnetic anomalous changes in declination D and inclination j discovered by Folgheraiter were also observed by Nöel and Tarling (1975) in varved sediments in southern Sweden at around 860 BC. Nöel and Tarling called this excursion "Sterno." Sharp changes in inclination j and declination D (to 90°) dating to the 9th to 6th centuries BC were discovered by Nachasova et al. (1986) and Burlatskaya and Chelidze (1990) in archaeological material from settlements in the western Caucasus (Georgia), and this excursion was called "Etrussia." Nachasova et al. (1986) have shown that the duration of the changes in the geomagnetic field during this excursion was not more than about 100 yr. Kochegura (1992) described this excursion based on magnetic properties of Baltic and Barents Sea sediments. In recent years, the behavior of the geomagnetic field during the Sterno-Etrussia excursion has been studied in detail by analyzing sediments in the Barents, Baltic, and White Seas. With different degrees of reliability, the excursion was revealed in 15 cores from the bottoms of these seas (Kochegura 1992; Kochegura et al. 1999) . In 1998, during the 14th expedition of the research vessel Academician Sergei Vavilov, sediment cores were collected in the Barents Sea in order to study their chronostratigraphy and correlation. The Barents Sea is one of the key regions for the investigation of both post-Ice Age climatic history and ocean circulation patterns (Murdmaa and Ivanova 1999) . The result obtained is the first information on paleomagnetic properties of Barents Sea sediments for the time interval of the last approximately 30,000 yr. One of the main results of the paleomagnetic investigations of Barents Sea sediments is the discovery of sharp changes of the geomagnetic field inclination j, which could be caused by the geomagnetic excursions SternoEtrussia (3000-2200 BP) and Solovki (7000-4500 BP). Figure 2 shows changes in magnetic properties of sediments in boreholes from the Barents Sea bottom. The sediments were dated by the 14 C method (Levitan et al. 1999) . The core bottom is about 10,000 yr old. The figure shows variations in inclination j (Figure 2a , c), remanent magnetization J n (Figure 2b ), and magnetic declination ( Figure 2c ). The geomagnetic Sterno-Etrussia excursion shows up as a sharp change of inclination in the time interval 2400-2200 BP. Along with this change, a considerable decrease in J n is observed against a background of increased J n , which is the evidence for a decrease in the geomagnetic field during this period. The excursion duration is 100-200 yr. The investigation of magnetic susceptibility has shown that there are no specific mineralogical features during the period of geomagnetic excursion. This indicates that the changes in j and J n described above are due to changes in geomagnetic field rather than caused by variations in the mineralogical composition of the sediments.
The behavior of the geomagnetic field intensity during the excursion is of fundamental importance for understanding the physical mechanism of climate change. For obtaining data on relative variations, series of experiments were worked out. Re-sedimentation of deposits from a number of cores in which the Sterno-Etrussia excursion had been observed was performed. The results showed that there was a decrease of the geomagnetic field intensity before and during the excursion (Kochegura 1992) .
The example of the Sterno-Etrussia excursion discovery in sediments from the upper part of the Ob' River basin (Siberia, Russia) is presented in Figure 3 (Gnibidenko et al. 2000) . The changes of dec-lination D during the excursion were 147°; the change of inclination j was 60°. Here, it is also noted that the decrease of J n occurred under equal mean values of magnetic susceptibility κ during the excursion. 14 C dating of the layer (3185 ± 50 BP) may serve as a confirmation of the excursion near this date. Wandering of the virtual geomagnetic pole during the period from 2700 to 2340 BP, inferred from studies of volcanic deposits of Mount St. Helens, Washington (Hangstrom et al. 2002) , suggests that the excursion occurred during this time interval. The Sterno-Etrussia excursion, as recorded in different investigations, is presented in Table 1 . The table reflects the area of paleomagnetic studies in the first place, and it would be premature to conclude about the extension of the Sterno-Etrussia excursion on a global scale. However, it is possible that the excursion was characteristic for the Northern Hemisphere.
Thus, studies of magnetic properties of sediments and archaeological materials during the geomagnetic Sterno-Etrussia excursion lead to the following conclusions. According to different results of dating, the excursion developed in the time interval 2800-2200 BP. Archaeological materials point to the 8th to 4th centuries BC. During the excursion, 1or 2 sharp deviations of inclination j to 0 or negative values occurred, i.e., an abrupt displacement of the geomagnetic pole toward the Equator or its wandering to the Southern Hemisphere took place. The duration of this geomagnetic excursion was rather short, about 100-200 yr. Van Geel et al. (1996 , 1998a and Speranza et al. (2002) studied the changing species composition of peat-forming mosses in European Holocene raised bog deposits. They found an abrupt shift at the onset of the sharp rise in the atmospheric 14 C concentration (decrease in solar activity) around 850 cal BC, from mosses preferring relatively warm conditions to those preferring colder and wetter Figure 3 The magnetic characteristics of the Holocene continental sediments in upper part of Ob' River basin (Siberia, Russia): magnetic susceptibility κ, remanent magnetization J n , declination, inclination, direct, and inverse magnetization (Gnibidenko et al. 2000) . conditions. There is supporting archaeological evidence from the Netherlands. Bronze Age settlements which had been continuously inhabited for more than 1000 yr were suddenly abandoned, presumably because the soil became waterlogged and peat growth started in areas which had been arable land. There is a substantial amount of geological and archaeological information showing that the climate changed abruptly around 2700 BP. We summarize a number of new studies about the abrupt climate change in different regions of the world during this period. We emphasize that the dating precision in some of the studies is rather low (large dating errors, poor sample resolution). Barber and Langdon (2001) analyzed plant macrofossils in a peat deposit in northern England (Walton Moss) and compared the peatland proxy climate record with a temperature reconstruction based on chironomids in the sediments of a nearby lake. The main long climatic deteriorations identified from these proxy data occur between cal 2900-2830 BP, 2630-2590 BP, 1550-1400 BP; 500-400 BP, and 240-150 BP. Their results indicate that a major temperature decline occurred around 2600 cal BP. Langdon et al. (2003) used a refined plant macrofossil record from Walton Moss and reconstructed the raised mire water tables during the Holocene. They established major climatic deteriorations at about 4410-3990 BP, 3170-2860 BP, and 2320-2040 BP.
Climatic Oscillations Around 2700 BP
Schilman and Bar-Matthews (2001) studied δ 18 O and δ 13 C in sediments from the southeastern Mediterranean, off Israel, and established humid phases in the time intervals of 3500-3000 and 1700-1000 BP, whereas relatively more arid conditions prevailed in the area between 3000 and 1700 BP and during the last millennium.
Scott and Lee-Thorp (forthcoming) studied different climate proxy records across southern Africa and established marked isotope fluctuations in a cold air cave stalagmite. Climate variability as determined from the stalagmites shows periodic fluctuations in centennial and multi-decadal scales. All stalagmite sequences suggest cooling after 3200 BP, and also increasing development of C4 grasslands, peaking at 2000 BP.
Numerous investigations of postglacial climate in Canada were obtained from proxy records. The "neoglaciation" during 3000-2500 BP has been documented in the Canadian Rocky Mountains (Luckman et al. 1993) . Wilson et al. (1997) showed that 3000-2500 BP was a period of downcutting in the Saskatchewan River system of western Canada, reflecting a cooler, moister climate. The proxy records from Harris Lake (Sauchyn and Sauchyn 1991) show that lower temperatures and plant productivity occurred (relatively low percentages of organic matter in the sediments) from 3000-2400 BP. This cool period coincided with a global phase of glacier growth, including the "mid-Neoglacial" advance in the Canadian Rocky Mountains at around 3000-2500 BP (Luckman et al. 1993 ).
In northern Iceland, the upper limit of tree/shrub birch (Betula pubescens) has been used by Wastl et al. (2001) as an indicator of summer temperatures. From the pollen and macrofossil investigations, it was established that there are 2 marked drops in the Betula pubescens curve of the Vesturárdalur-Skíðadalur area on the Tröllaskagi peninsula: from about 5000 BP to about 4500 BP and before/ around 3000 BP. These variations can be compared to the record of Holocene glacier advances in northern Iceland. One of the glacier advances in the period around 3200-3000 BP, based on 14 C dating and tephrochronology, was established by Stötter et al. (1999) .
The phenomenon El Niño has had severe consequences for the modern and (historically recorded) inhabitants of Peru, and El Niño events also influenced prehistoric cultural developments. Longterm proxy records for the El Niño-Southern Oscillation (ENSO) events indicate variable recurrence intervals and intensities. The Pacific coast of southern Ecuador and northern Peru is a core region of ENSO activity, and paleoclimate records there should reflect ENSO history. Peruvian coastal middens contain abundant marine mollusk valves that are proxy indicators for near-shore oceanic conditions (~7-20°S, 70-80°W). Analysis of midden remains from Peru (Sandweiss et al. 2002) suggests an increase in ENSO frequency between about 3200 and 2800 BP. This increase in El Niño frequency is correlated with the abandonment of monumental temples in the region after nearly 3 millennia of uninterrupted development and growth. By 2800 BP, the most warm temperaturesensitive mollusc assemblages (Choromytilus chorus, Mesodesma donacium) had disappeared from middens north of 9°S, and over the following centuries, these species were largely replaced by others. Various climatic records support the increased ENSO after 3200 BP: water levels in Lake Titicaca, Peru-Bolivia (Abbott et al. 1997) ; an increase in lake levels in northern Chile (Betancourt et al. 2000) ; flood records from Quebrada Tacahuay (17°48′S; Keefer et al. 1998) and Quebrada de los Burros (18°1′S; Fontugne et al. 1999) on the far south coast of Peru, and others.
The Galapagos Islands, located within the core ENSO region, consistently experience positive precipitation and sea surface temperature (SST) anomalies during El Niño events, and possess a number of hypersaline lakes that experience reduced salinity during these periods. Galapagos lake sediment deposits are records of the history of salinity fluctuations, and thus provide a record of ENSO activity. Riedinger et al. (2002) performed lithostratigrahic and mineralogic analyses of sediments from the hypersaline Bainbridge Crater Lake, Galapagos Islands, and provided evidence of past El Niño frequency and intensity. They established that intensity of events increased at about 3000 BP (~3100 cal yr BP).
The Atlantic area demonstrates that marked variations in the distribution of water masses occurred repeatedly through the last 4500 yr (Eiriksson et al. 2002) . Of special interest is the exact timing of a marked drop in sea-surface temperature in the area, indicated by ice-rafting debris concentration, which occurred at 2980 cal BP. This appears to predate most records of a general cooling event in NW Europe by a couple of centuries.
A number of periods with climate deterioration have been recorded in the Baltic Sea area and around the North Atlantic during the Holocene. It is possible that periods of increased wetness and reduced evapotranspiration may have increased the freshwater input into the Baltic Sea and decreased the salinity. Gustafsson and Westman (2002) used shore-level data and proxy data (mainly diatoms and shellfish) to evaluate phases of high and low salinity changes. They established a number of phases of decreased salinity, among which are phases coinciding with cold and possibly wet climatic phases in time intervals of 2900-2500 and 500-100 BP.
Estuarine and beach coastal marine deposits in New South Wales, Australia, which might point to an elevated Holocene sea level have been investigated by Bryant et al. (1992) . From fossil corals found along the adjacent coast and also based on the elevation and orientation of the raised marine deposits, the authors drew the conclusion that the ocean temperature was higher around 2800 BP by up to 2 °C, and that sea levels from 6000 to 1500 BP were over 1 m higher than at present. The marine deposits show little indication that they were deposited by storms, but the role of tsunami in their formation cannot be ignored. (van Geel et al. 1998a ). Also, the most notable increase in annual precipitation occurred from 440 to 290 BP during a period of global cooling in the LIA. The period of the LIA was defined by a study of stalagmites from Madagascar as lasting from 425 to 230 BP (Brook et al. 1999) and was reported as beginning at 450 BP on the basis of stalagmites from Nepal (Denniston et al. 2000) .
Climate variability on the Yucatan Peninsula during the past 3500 yr is reconstructed by Curtis et al. (1996) from the measurement of δ 18 O in monospecific ostracods and gastropods in lake sediments from Punta Laguna, Mexico. From ~3310 to ~1785 BP, low mean δ 18 O values indicate relatively wet conditions (i.e. low evaporation to precipitation ratio).
Tinner et al. (2003) performed palynological analysis of 14 C-dated sediments from 4 lakes in Switzerland; the main attention was devoted to the period between 2300 BC and AD 800. They also used a series of tree-ring density curves, glacier oscillations, paleobotanical timberline studies, 14 C content in tree rings, and compared these with the GRIP and GISP2 climatic record from Greenland. The conclusion was made that, although the general vegetation histories north and south of the Alps are different, climatic fluctuations in both areas are synchronous. Pronounced similarities between fluctuations of human impact indicators (pollen) and climate shifts suggest a common driving factor. Tinner et al. (2003) discussed possible driving factors (independent cultural developments and/ or climatic factors). Pollen data suggest that the reduction of agricultural activities (maximum of tree pollen, minimum of Cerealia and Plantago lanceolata pollen) north and south of the Alps was accompanied by natural afforestation. Most population discontinuities are considered to be closely related to climatic change.
In 2002 on the eastern side of Lake Bolshoy Turali along the Dagestan coast of the Caspian Sea, field work was carried out with a variety of techniques, including geomorphology, sedimentology, georadar, biostratigraphy, paleoecology, radiochronology, isotope geochemistry, landscape geochemistry, soil science, and process-based modeling. The selection of the site is based on the fact that Caspian Sea level high-stands are reflected in the highest levels reached by coastal barriers moving landwards during transgressions. The most reliable sea level curve for the Caspian Sea so far was given by Rychagov (1977) . The first results of the new investigations were communicated during the workshop "Holocene Caspian Sea Level Change" at Delft University in the Netherlands in 2002. Attention was given to the reconstruction of Caspian paleoenvironmental conditions and transgressions. Kroonenberg et al. (2002) stressed that a considerable high-stand of the Caspian Sea around 2600 BP corresponds with a period of low solar activity and high precipitation in the Volga drainage basin. A <500 BP high-stand coincides with the LIA. The data support the correspondence of Caspian high-stands with periods of global cooling. Gracheva et al. (2002) presented a reconstruction of main regional stages of paleohydrological change and Holocene landscape evolution in the southern part of the Upper Volga Lowlands. At the Suboreal/Subatlantic transition (around 2600 BP), lake levels rose and caused abrupt flooding of soils which led to a collapse of the human economy in all lowland areas bordering the Klin-Dmitrov Heights (lower than 130 m asl). The abrupt hydrological change corresponds to the sudden disappearance of archaeological findings.
DISCUSSION
Apparently, data reported in the preceding sections of this work have demonstrated that sharp climatic changes occurred in the time interval from 3000 BP to 2500 BP. A drastic increase in the galactic cosmic ray (GCR) fluxes, well represented by an increase in the concentration of 14 C in tree rings, also took place during this time. Van Geel et al. (1998b , 1999 have drawn attention to this fact and have discussed possible mechanisms of the influence of cosmic rays on climate in the context of modulation of GCR fluxes by solar activity. In particular, they point out that an increase (decrease) of the GCR flux is able to result in attenuation (growth) of the global cloud cover and, therefore, in changes of the solar irradiance flux to low layers of the earth's atmosphere (Dmitriev and Lomakina 1977; Tinsley and Dean 1991; Pudovkin and Babushkina 1992a; Pudovkin and Raspopov 1992; Svensmark and Friis-Christensen 1997) . Later, Pallé Bagó and Butler (2000) and Marsh and Svensmark (2000) have shown that variations of the GCR fluxes correlate in general with variations of the density of low cloudiness. Thus, increase of the GCR fluxes might be accompanied by cooling of the near-earth surface.
Tinsley and Dean (1991) have proposed that cosmic rays have an important influence on cloud microphysics. At altitudes from ~3 to 35 km in the earth atmosphere, cosmic rays are the only ionization source (natural radioactivity is an additional source of ionization below ~3 km). Experimental evidence of the plausible impact of galactic cosmic ray ionization on the precipitation efficiency of clouds was reported in Stozhkov et al. (1995) . They demonstrate that the precipitation level is increased when the ionization level is increased in response to a higher flux of solar flare protons in the atmosphere. Using visual data from narrow range of latitudes (60°N-64°N) , which is consistent with global satellite observations, Pudovkin and Veretenenko (1995) have established a corresponding short-term decrease of cloudiness. They discovered that cloudiness and precipitation are reduced during the periods of high flux of cosmic rays in the atmosphere.
As another consequence of increase of the GCR flux, there might be a change in the ozone concentration in the atmosphere. Shumilov et al. (1992 Shumilov et al. ( , 1995 , Stephenson and Scourfield (1992) , and Kodama et al. (1992) showed that solar proton events (SPE), which generate solar cosmic rays, may produce ozone mini-holes at high latitudes (decrease of the total ozone concentration is about 10 to 15%) and they are accompanied by a decrease of temperature in the stratosphere (down to -2.4 °C).
Modeling experiments performed by Haigh (1994 Haigh ( , 1996 suggest that such ozone depletion and stratospheric cooling could significantly affect the atmospheric circulation. Considering the period between 850 and 760 cal BC, van Geel and Renssen (1998) have inferred from the results of Haigh that stratospheric cooling could have led to a weakening of stratospheric winds and displacement of the tropospheric jet streams toward the Equator. Moreover, they postulated that ultimately it might result in an increase of latitudinal extent of the Hadley Cells and in a weakening of the monsoons.
Thus, as a result of variability of the GCR fluxes, there might be not only changes of optical properties of the atmosphere connected with formation of the clouds cover and aerosol generation in the atmosphere, but there also might be changes in atmospheric circulation. This should substantially affect climatic parameters. The existence of influence of variations of the GCR fluxes on the atmospheric circulation was experimentally confirmed in Tinsley (1988), Babushkina (1992b), and Cristoforou and Hameed (1997) . Tinsley (1988) has shown that a shift in 3-5 degrees of the storm motion trajectory takes place in the Atlantic during solar activity maximum in comparison with solar activity minimum. Cristoforou and Hameed (1997) have obtained similar results for the northern part of the Pacific. Pudovkin and Babushkina (1992a) and Pudovkin and Raspopov (1992) have reported the results of an analysis of the impact of cosmic ray variation on zonal circulation in the troposphere during the development of strong magnetic storms. Veretenenko and Pudovkin (1993) have shown that decrease of the cosmic ray flux is accompanied by attenuation of the zonal circulation rate and increase of the cosmic ray flux is accompanied by growth of the zonal circulation rate.
Considering climate changes around 2700 BP, one can conclude that drastic increase of the GCR fluxes in this period, which might be connected with solar activity decrease or with influence of the geomagnetic Sterno-Etrussia excursion, should be accompanied by increased transfer of wet Atlantic air to the east-i.e., in Europe. This should result in the formation of cool climate and an increase in the precipitation amount in continental areas, which was actually observed. Note that similar climatic conditions were observed during the Maunder Minimum of solar activity.
Additionally, the papers of Haigh (1994 Haigh ( , 1996 have one more important consequence. Displacement of the tropospheric jet stream toward the Equator under the influence of cosmic ray fluxes as well as a decrease of the latitudinal extent of the Hadley Cells means that response of the atmosphere to global perturbation should have a regional character, i.e., growth or weakening of external signal can take place at different latitudes and longitudes.
An ability of the atmospheric system to produce only regional response to a uniformly distributed external impact follows also from more general reasons. The system of atmosphere-ocean-continent, where the redistribution and transport of solar incoming energy takes place, is a non-linear system. Therefore, the spatial distribution of response to any external impact need not exactly follow the spatial distribution of the external forcing. It was also confirmed in model experiments.
A detailed statistical analysis of decadal and multidecadal patterns of the surface temperature response to solar irradiance variations based on analyses of the long-term surface temperature reconstructions during 1650-1850, including the period of the Maunder Minimum, is given in Waple et al. (2002) . They estimated the response of surface temperature to solar irradiance variations (SRV) with a period of more than 40 yr and for SRV with a period of 9-25 yr. In the former case, the forcing factor was identified with the century type (Gleissberg) cyclicity of solar activity. The estimates revealed that in the case of Gleissberg cyclicity, the system of atmosphereocean-continent, which determines surface temperature, exhibits the highest sensitivity to solar signals with a lag of about 15 yr, which unambiguously suggest a non-linear character of the system. A response of surface temperatures to solar signal demonstrates a high spatial inhomogeneity. For instance, the regions of Scandinavia and Siberia are characterized by a strong positive response to increasing solar irradiance, while the region of western Greenland exhibits a negative response.
As to the impact of cosmic ray fluxes on climatic parameters, Waple et al. (2002) point out that climate response to the GCR fluxes which decrease from the pole to the Equator due to geomagnetic shielding will not follow the law of spatial distribution of GCR but show regional character. Because of differences in conditions of the cloudiness formation in various regions of the globe, the heterogeneity of the spatial atmospheric response to cosmic ray variations will be amplified. The analysis made previously of climatic events around 2700 BP confirmed the idea of regional development of climatic response to external global forcing. Indeed, whereas cooling and precipitation growth occurred in Europe, warm and dry climate occurred on the west coast of Africa, pointing to the blocking of monsoons (Maley and Brenac 1998; Raspopov et al. 1998) . Similar spatial structure of climatic processes was observed during the period of the Maunder Minimum of solar activity.
As discussed earlier, van Geel et al. (1998a van Geel et al. ( , 1999 have considered the impact of cosmic ray variations on climate around 2700 BP in the context of solar activity changes. However, a possible influence of the Sterno-Etrussia excursion on the structure of GCR fluxes was not considered in that work. Therefore, let us consider the possible influence of structural change of the geomagnetic field and its configuration (shift of the geomagnetic pole to the Equator) during the excursion on structure of the GCR fluxes and, consequently, on climatic parameters. For this purpose, it is necessary to analyze changes of the magnitude of the geomagnetic dipole (or quadrupole), as well as change of the geomagnetic pole location, making use of paleo-and archaeomagnetic data.
Measurements of magnetic properties of 15 cores from sediments of the Barents, White, and Baltic Seas revealed sharp changes of inclination of the magnetic field at the same age in Holocene deposits. Paleomagnetic characteristics of Holocene-Pleistocene sediments were analyzed in sufficient detail for 9 cores taken from the Barents Sea during the expedition of the research vessel Academician Sergei Vavilov in 1998 (Murdmaa and Ivanova 1999; Guskova et al., forthcoming) . Recently, the Sterno-Etrussia excursion was revealed with different degrees of reliability in 15 cores in the Holocene shelf sediments of the Baltic, White, and Barents Seas.
One of the main results of paleomagnetic investigations of the Barents Sea sediments is a discovery of sharp changes of the geomagnetic field inclination which might be caused by the geomagnetic excursions Sterno-Etrussia (2200-3000 BP) and Solovki (4500-7000 BP) (Figure 4a ). Values of absolute ages for sediments obtained by 14 C dating are shown in Figure 4a . The sedimentation rate in the Barents Sea during the Holocene has been estimated making use of this dating, and is 45 cm/ 1000 yr (Levitan et al. 1999) . It is significant that estimates of sedimentation rates can give an approximate timescale. The dating of anomalous values of inclination gave values of ∼2200 yr and more than 4000 yr (Figure 4a ). Taking into account the obtained sedimentation rate, one can conclude that the inclination change at a depth of 70 cm is connected with this excursion. According to the sedimentation rate, its duration is about 200 yr. Using the paleomagnetic sample, one can derive 3 physical parameters: magnetic susceptibility κ, remanent magnetization J n , and inclination I. The values of κ are in a narrow range of -0.2 to 0.8 10 -3 SI, which suggests the uniform distribution of magnetic minerals in sediments during the all the Holocene. Natural remanent magnetization (J n ) strongly varies at a depth of 75 cm. A considerable minimum is observed when J n decrease from 2.0 to 0.1 10 -3 A/m. At the 90 cm depth, J n increases up to 2.5 10 -3 A/m and oscillates around the mean value of 1.5 10 -3 A/m up to 230 cm. Inclination I of J n , averaged over 3 samples, changes sharply from 85 to 5° at the 75 cm depth, and after the 350 cm depth, saw-tooth decreases of inclination are observed. It should be emphasized that the behavior of J n at the 70 cm depth (Figure 4a ) may serve, perhaps, as indirect confirmation of the Sterno-Etrussia excursion at this depth, because J n decreases under uniform values κ and thus gives information about a decrease of the geomagnetic field intensity during this period rather than about magnetization of minerals.
The existence of the Sterno-Etrussia excursion had been detected earlier in sediments of the Baltic Sea (Figure 4b ). For this core, the change of inclination was 80° and the relative change of declination (in the coordinates of drill tube) was 280°. Figure 4c (Gnibidenko et al. 2000) shows the SternoEtrussia excursion clearly seen in the Holocene continental sediments from the upper part of the Ob' River basin (Siberia, Russia). The changes of declination during the excursion was 147°; the change of inclination was 60°. The decrease of remanent magnetization J n , under the equal mean value of magnetic susceptibility κ during the excursion, is also noticeable there. 14 C dating of this layer (3185 ± 50 yr) can serve as a confirmation. The time differences of similar inclination variations, recorded at different locations, might be explained by the permanent westward drift of a non-dipole anomaly.
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V A Dergachev et al. Data regarding the behavior of geomagnetic field intensity during the excursion are of great interest for understanding the physical mechanism responsible for the excursion. A series of measurements for a number of cores where the Sterno-Etrussia excursion might be recorded have been performed to obtain data on relative variations of sedimentation rate. The results demonstrate that in most cases, this rate decreases before and during the excursion. An example of such a decrease for 2 cores from the Baltic Sea is shown in Figure 4d , taken from Kochegura (1992) and modified in the present work. In sediments of the Baltic Sea, the change in inclination was accompanied by a 3-fold reduction in the geomagnetic field intensity. According to the 14 C dating and sedimentation rate estimates, this event occurred between 2300 BP and 3000 BP, and its duration is as short as 100-300 yr. On the basis of the age, one can associate the changes in the magnetic properties of sediments with the geomagnetic Sterno-Etrussia excursion.
There is also other evidence of a sudden drop of the geomagnetic field during the Sterno-Etrussia excursion. Studies of archaeological materials in Georgia (Caucasus) have shown that from the 9th to the 4th century BC, the geomagnetic field strength was approximately 40-60% higher than now (Nachasova and Burakov 2002) . This result is consistent with the data of McElhinny and Senenayake (1982) and Yang et al. (2000) . However, according to archeomagnetic data from Georgia, during fast changes of the geomagnetic field direction in this excursion, the field magnitude dropped below its present level (Burlatskaya and Chelidze 1987) . Based on the virtual axial dipole moment (VADM) model and on archeointensity data, Yang et al. (2000) analyzed the secular variations of the geomagnetic field during the past 12,000 yr. Note that in archeomagnetic data, periods shorter than 1000 yr are usually associated with changes of non-dipole field. Yang et al. (2000) averaged data over 500 and 1000 yr. Comparison of the results from the European and Asian regions is shown in Figure 4e . The authors connected the observed differences between the data sets with strong nondipole anomalies in Europe. The dipole field increased from its minimum in the vicinity of 5500 BC, reached its maximum in the vicinity of ~1000 BC, and remained close to this maximum for almost 2000 yr. As can be seen from Figure 4e , the noticeable difference in European and Asian geomagnetic data during this maximum occurred during the time interval from ~1000 BC tõ AD 50, which includes the Sterno-Etrussia excursion. This difference indicates the non-dipolar character of the geomagnetic field.
So far, the evidence of the Sterno-Etrussia excursion has been found in magnetic properties of specimens of marine, lake, and continental sediments, as well as in the directions of magnetized mineral grains in oriented archaeological specimens from 15 widely distributed localities (Table 1) . Not all references from Table 1 contain data of the geomagnetic field variation (remanent magnetization) during the Sterno-Etrussia geomagnetic excursion. Nonetheless, the available data covering mainly the European part of Russia, the Baltic and Barents Seas, and the Caucasus region are in favor of a 30-50% drop of the geomagnetic field during such an excursion. This effect should strengthen the fluxes of GCR in this period and, therefore, amplify the effects connected with an increase of the GCR fluxes.
At present, it is difficult to say exactly what was the reason for this excursion: whether it was a decrease of the dipole or the quadrupole component of the geomagnetic field. To establish this fact, additional investigations are needed in various regions of the world. However, in any case, regions of field drops will be over large areas and will significantly affect the integrated values of the GCR flux, having an influence on climatic changes. Another factor influencing the climate might be a shift in latitude of the geomagnetic pole during the excursion and, hence, a spatial movement of the GCR precipitation regions to low latitudes, to the Equator. According to Hagstrom et al. (2002) , a virtual magnetic pole moved quickly from the New Land through Scandinavia to Greenland in 2700-2340 BP. Therefore, it was situated 10-15° south of its present location. In that period, the regions of intense GCR precipitation covered not only high latitudes but also middle latitudes and, therefore, might affect considerably the atmospheric circulation.
On the basis of paleomagnetic data, Raspopov et al. (2003) found that during this excursion, the virtual geomagnetic pole (VGP) path during 2800 to 2200 BP moved from high to low latitudes in the longitude sector from 40°E to 30°W. The excursion path reveals not only very rapid movement of the VGP during this time interval, but also a VGP excursion over a considerable distance. Figure  5 shows the virtual magnetic pole position during the excursion for 3 sites of the paleomagnetic investigations: Baltic Sea, Pichori (Caucasus), and West Siberia.
In all cases, movement of the VGP happened in the longitudinal interval from 40°E to 30°W. Are there any experimental data confirming this shift of the geomagnetic pole? Apparently, yes. Historical chronicles suggest that optical atmospheric effects similar to the auroras occurred on the latitudes of Ancient Greece and Mesopotamia, that is 30-40°N (Brekke and Egeland 1983; Siscoe et al. 2002) . The appearance of auroras supports movement of the geomagnetic pole (and, therefore, the regions of intense influence of CR) to middle and low latitudes. Thus, the development of geomagnetic excursion, promoting increase of the CR fluxes in middle and low latitudes, might noticeably change the structure of atmospheric circulation, as was earlier shown on the example of SPE. First of all, there should be an increase of zonal circulation (transfer of air in the east direction), as well as an increase of precipitation amount, which was actually observed in Europe in the considered interval.
Modern data indicate that variations in cosmic rays controlled by both solar activity and geomagnetic field affect the lower atmosphere and, hence, climate parameters. All these facts show that Figure 5 Map showing local sites (filled squares) of the discovered geomagnetic Sterno-Etrussia excursion and the virtual magnetic pole position during the excursion; Numbers 1-14 indicate the regions where the manifestations of the excursion were discovered. The virtual geomagnetic pole path is shown for the archaeological Pichori object (filled triangles), for continental sediments from Siberia (filled circles), and for the Baltic Sea sediments (crosses). The VGP path from 2700 BP to 2340 BP inferred from studies of volcanic sediments from the Mount St. Helens, Washington, is shown by open circles with a dot inside.
investigation of the events in the paleomagnetic data associated with inversions and excursions of the earth's magnetic field is of particular importance. During the reversal of the total magnetic field polarity, the magnetic moment decreases, allowing increased penetration of cosmic rays into the upper atmosphere. Global changes in the electromagnetic field of the earth result in sharp changes in the climate-forming factors in the atmosphere, such as temperatures, total pressure field, moisture circulation, intensity of air flows, and thunderstorm activity. Thus, geomagnetic excursions, which vary the configuration and value of the magnetic field, can affect climatic changes.
CONCLUSION
Sharp climate changes around 2700 BP are well expressed and well dated in a number of different proxy data. Similar events occurred every ~2400 yr, when the intensity of galactic cosmic rays was high. The analysis of paleoenvironmental and archaeological data around 2700 BP supports the idea that external forcing has played a crucial role in sharp climate change during the Holocene. Comparison of fluctuations of the cosmic ray intensity with the detailed proxy record shows that the changing solar activity is a major factor in forcing climate. The sharp shift to cooler, wetter climatic conditions around 2700 BP in the Northern Hemisphere has a parallel with the LIA, which was also related to reduced solar activity. Despite the evidence from the past, solar variability remains controversial as a source of climate change, since the underlying mechanism remains as a puzzle. Changes in solar activity estimated from the instrumental measurements are considered to be too small to cause climate variability.
At present, 3 possible mechanisms of links between solar variability and changes in climate are taken in consideration: 1) changes in total solar irradiance and its influence on the lower atmosphere; 2) changes in solar ultraviolet radiation, related ozone production, and the interaction with the stratosphere and troposphere; and 3) changes in cloud formation related to changes in cosmic ray intensity. It is particularly remarkable that cosmic rays, the flux of which is modulated by the solar wind and geomagnetic field strength, provide the sole source of ions, apart from terrestrial sources of radioisotopes. Solar modulation of cosmic ray intensity could provide an effective initial step by which an energetically weak solar signal (both irradiance and ultraviolet radiation changes are very small) is amplified into a significant climate forcing.
The analysis of paleomagnetic data shows that around 2700 BP, a short and pronounced excursion of the earth magnetic field took place. This Sterno-Etrussia excursion had caused a temporary sharp increase of cosmic ray flux, not only in the northern altitudes but also in the low and middle latitudes. The excursion was contemporaneous with a deep minimum of solar activity around 2700 BP. As a consequence, during the geomagnetic excursion, the zonal circulation and cloudiness increased and it was accompanied by cooling. Precipitation probably was strongly affected and the environmental conditions in the Northern Hemisphere were strongly influenced. The combined effect of external factors (solar activity decay, fast changes of the geomagnetic field, and related cosmic ray enhancement) around 2700 BP triggered abrupt climate change. The available evidence points to an important role of changing cosmic ray intensities in climate change.
